The dioxovanadium(V) complexes
Abstract:
The dioxovanadium(V) complexes
A C H T U N G T R E N N U N G [VO 2 (3,5-Me 2 Hpz) 3 ]A C H T U N G T R E N N U N G [BF 4 ]
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3
Introduction
The coordination chemistry of vanadium, in particular with multidentate ligands, is receiving much attention on account of its involvement in various biological processes: in the active site of metalloenzymes such as vanadium nitrogenase [1] and haloperoxidases, [2] as a metabolic regulator, [3] as a mitogenic activator and especially as an insulin-mimicking agent; [4] vanadium complexes can also affect the cardiac abnormality associated with diabetes mellitus [5] and exhibit antican-A C H T U N G T R E N N U N G cer activity. [6] Moreover, catalytic applications have also stimulated the coordination chemistry of vanadium, and the search for novel V complexes with pharmacological and catalytic significance is a matter of a high current interest. [6, 7] Poly(1-pyrazolyl)borates, [8] the parent compounds within the so-called scorpionate ligands (Figure 1 ), and their coordination chemistry have been extensively developed [8, 9] with particular significance for the control of the steric and electronic environment of the metal centre upon variation of the pyrazolyl groups. The neutral hydrotris(1-pyrazolyl)methane HC(pz) 3 (pz = pyrazolyl) and derivatives are formally related to the corresponding hydrotris(1-pyrazolyl)borate HB(pz) 3 À species by replacing the central boron atom with a carbon, [10] but their coordination chemistry, in particular at V centres and contrasting with that of tris(pyrazolyl)borates, has so far been reported only rarely. [9a,11] This arises from the relatively small number of such ligands, the difficulties and the usually low yields associated with their syntheses. A particular case is the sulfonate derivative tris(pyrazolyl)methanesulfonate SO 3 C(pz) 3 À (Tpms) [12] which, in contrast to hydrotris(1-pyrazolyl)methane, is almost exclusively soluble in water and moderately soluble in methanol. Another distinct behaviour relative to HC(pz) 3 and especially to hydrotris(1-pyrazolyl)borate concerns the stability of SO 3 C(pz) 3 À over a wide range of pH in aqueous solution.
In view of the significance of vanadium chemistry with poly(pyrazolyl)borate ligands towards mimicking biocatalytic behaviour and also in pursuit of our interest on transition metal complexes bearing scorpionate ligands, [13] we have, in the current study, embarked upon the syntheses of oxovanadium complexes with such ligands and with those of the related, but still very little studied, tris(pyrazolyl)methane family. Hence, the work has allowed us to extend the still limited number of known complexes with the HC(pz) 3 and SO 3 C(pz) 3 À ligands, and in particular afforded the first dioxovanadium complex bearing the latter ligand. We have also observed the conversion of the disubstituted hydrotris(1-pyrazolyl)methane HC(3,5-Me 2 pz) 3 into the corresponding dimethylpyrazole, and of the related hydrotris(1-pyrazolyl)borate into the corresponding bis(1-pyrazolyl)borate, the latter affording a mixed h 3 -tris(pyrazolyl)borate and h 2 -bis(pyrazolyl)borate oxovanadium(IV) complex. On the other hand, by investigating the redox behaviour of the obtained vanadium products, we have also gained an insight into the net electron-donor ability of such ligands and in the redox V(V)V(IV) or V(IV)/VA C H T U N G T R E N N U N G (III) interplay, essential for the versatility of vanadium as a catalyst.
Recently, we have observed that a few scorpionate chlorovanadium complexes exhibit a good catalytic efficiency [13b,14] in the partial oxidation of cyclohexane (to cyclohexanol and cyclohexanone), a reaction of industrial importance. Hence, also taking into account that high oxidation state dioxovanadium species containing the VO 2 + moiety have been used as models of vanadium haloperoxidases, [6a-c] and with the aim of extending the search for efficient scorpionate vanadium compounds in the catalytic functionalisation of light alkanes, we present here the application of the above dioxovanadium(V) complexes, bearing scorpionate ligands, as catalysts for the single-pot carboxylation of methane and ethane and for the peroxidative oxidation of cyclopentane and cyclohexane, under mild conditions.
Results and Discussion

Synthesis and Characterization of the Complexes
Reaction of triethyl vanadate, a convenient starting material in oxovanadium coordination chemistry, [15] in refluxing ethanol, with hydrotris(3,5-dimethyl-1-pyrazolyl)methane, HC(3,5-Me 2 pz) 3 (in 1:1 stoichiometric amounts), followed by addition of NaA 4 ] 1 (reaction a, Scheme 1) which was isolated as an air-stable brown solid (45% yield), soluble in DMSO, dichloromethane and chloroform. The formation of 1 involves the rupture of a CA C H T U N G T R E N N U N G (sp [13f] or in bis(pyrazolyl)propane (CH 3 ) 2 C(pz) 2 by Pt(II) complexes, [16] 
. Such a behav- iour, to the best of our knowledge, had not been previously shown for vanadium. In all the reported cases, the manner of the cleavage reaction occurs has not been established. Complex 1 is also obtained upon re-
, the related disubstituted potassium hydrotris(3,5-dimethyl-1-pyrazolyl)borate salt, i.e., K[HB(3,5-Me 2 pz) 3 ], or the neutral hydrotris(1-pyrazolyl)methane HC(pz) 3 (always in 1:1 stoichiometric amounts), the latter followed by addition of NaA C H T U N G T R E N N U N G [BF 4 ], led to the formation of the scorpionate dioxovana- [17] and considered to consist of two identical VO{HB(pz) 3 } groups connected by two m-O atoms.
The mixed h 3 -tris(pyrazolyl)borate and h 3 ] with a twofold molar amount of hydrotris(1-pyrazolyl)borate (reaction f, Scheme 1), in refluxing ethanol. In this case, fragmentation of the tris(pyrazolyl)borate occurred along the reaction course, to afford the dihapto bis(pyrazolyl) ligand. The B À N bond rupture has been previously observed in K[HB(3,5-Me 2 pz) 3 ] with Ru(II) complexes [18] such as [RuCl 2 A C H T U N G T R E N N U N G (h 6 -C 6 H 6 )] 2 . The molecular structure of 5 ( Figure 2 ) was established by X-ray diffraction (see below). This compound appears to have been obtained recently by others [19] using VOSO 4 as the starting vanadium material, but the reported structure, in contrast to ours, doubles the cell edge c and, consequently, the cell volume.
The IR spectra of complexes 1-5 exhibit nA C H T U N G T R E N N U N G (C=C) and nA C H T U N G T R E N N U N G (C=N) of the pyrazolyl or pyrazole rings at the usual [13, 20] range of 1618-1503 cm (4) and nA C H T U N G T R E N N U N G (B À H) (3 and 5) also appear at the characteristic [13, 20, 21] frequencies of 3141, 3127 and 2412-2365 cm
À1
, respectively, also the nA C H T U N G T R E N N U N G (S=O) or nA C H T U N G T R E N N U N G (C À S) vibrations of the methanesulfonate group (2) which are observed at the common [12,13a,b, [2b, 15, 22] The nA C H T U N G T R E N N U N G (V=O) value in 5 is comparable to those quoted for several oxovanadium(IV) complexes bearing the tris(pyrazolyl)borate ligand, such as [VOCl{HB(3,5-Me 2 pz) 3 }A C H T U N G T R E N N U N G (Me 2 Hpz)]. [21, 23] In 
. The methine group was not detected for 1, in accord with its formulation as a pyrazole compound.
In the 1 H NMR spectra, the methine hydrogen of 4 appears at d = 8.96 in accord with the reported data, e.g., for the tris(pyrazolyl)methane chloro-complexes
[13f] The corresponding resonance, i.e., B À H, of 3 is observed at d = 8.50 and is comparable to that reported [24] for hydrotris(pyrazolylborate) complexes of other metals.
In 
[13a]
Compounds 1-4 exhibit strong 51 V NMR resonances in the À490 to À556 ppm range , relative to VOCl 3 , as expected for dioxovanadium(V) complexes.
[2b, 15,21b,25] The FAB + or ESI + -mass spectra of complexes 1-5 show the molecular ion [M] + . In FAB-MS, the fragmentation pathways occur upon cleavage of metalligand bonds and/or rupture of pyrazolyl rings. Coupling of pyrazolyl (or pyrazole in 1) with metal fragments and their oxygenation (by the NBA matrix) are also observed.
Solid State Structure of Complex 5
[VO{HB(pz) 3 }A C H T U N G T R E N N U N G {H 2 B(pz) 2 }] (5) displays a neutral mononuclear molecular structure that is depicted in Figure 2 , while the crystallographic details are given in Table 1 , and selected bond distances and angles in Table 2 . This mononuclear V(IV) complex bears a tridentate tris(pyrazolyl)borate and a bidentate bis(pyrazolyl)borate, apart from the oxo ligand. The coordination geometry around the vanadium atom is best Two nitrogen atoms from the tridentate HB(pz) 3 À ligand (N11 and N21) and two nitrogem atoms from the bidentate H 2 B(pz) 2 À ligand (N41 and N51) form the equatorial plane, while the axial positions are occupied by the remaining nitrogen (N31) from the tridentate HB(pz) 3 À ligand and the oxygen atom (O1). The N11, N21, N41 and N51 atoms are on a plane and V1, O1 and N31 lay 0.302(3), 1.908(5) and À1.965(6) out of this plane. The V1 À O1 bond length of 1.607(4) is similar to that reported for other six-coordinate vanadyl complexes (1.62 ), [26, 27] although smaller than that found in a similar structure reported previously [28] [average 1.591 (1) ]. The V À N distances for both chelating ligands in 2 vary from 2.097(5) to 2.120(5) (average 2.108 ); however, the bond length involving the N31 atom in trans position to the oxo ligand is considerably longer [2.268(6) ]. This lengthening can be attributed to a significant trans influence of the latter ligand. The V À N bond lengths in 5 are comparable to those observed [29] [VOCl 2 {HB(3,5-
. [30] Electrochemical Studies (Table 3 ). For the V(V) complexes 1, 2 and 4 a second irreversible reduction wave is also observed at II E p red ca. À1.25 to À1.82 V vs. SCE, conceivably involving the V(IV)!VA C H T U N G T R E N N U N G (III) reduction. Accordingly, the reduction of the V(IV) complex 5 occurs at a comparable reduction potential ( I E p red = À1.19 V vs. SCE). Table 1 . Table 2 . Selected bond lengths () and angles (8) for Although comparisons of the redox potentials have to be taken rather cautiously in view of the irreversibility of the waves and the different solvents used, the measured I E p red values suggest [31] that HC(pz) 3 and SO 3 C(pz) 3 À seem to display comparable electrondonor characters (in 4 and 2, respectively), while 3,5-Me 2 Hpz (in 1) appears to behave as a weaker electron-donor than each coordinating arm of the former ligands.
Complex 5 displays one oxidation wave at E p ox = 1.76 V vs. SCE, assigned to V(IV)!V(V). This oxidation potential is markedly higher than that reported for the hydrotris(1-pyrazolyl)borate oxovanadium(IV) [30] suggesting that the h 2 -BH 2 (pz) 2 À ligand in 5 seems to behave as a weaker electron donor than h 2 -acetylacetonate (acac) in the latter complex. However, the above conclusions have to be confirmed by comparative studies of other complexes with those ligands which should exhibit reversible redox waves.
Catalytic Studies Carboxylation of Gaseous Alkanes
The carboxylation reactions of methane and ethane (reactions a and b, Scheme 2) were typically performed under CO, in trifluoroacetic acid (TFA), at 80 8C for 20 h, by using a K 2 S 2 O 8 as the oxidizing agent, in the presence of a V-catalyst (0.020 mmol): compounds 1-5 or the related chloro-complexes [VCl 3 {HC(pz) 3 }] (6) and [VCl 3 A C H T U N G T R E N N U N G {SO 3 C(pz) 3 }] (7) prepared elsewhere.
[13b] The experimental conditions (i.e., temperature, time and molar ratios of reactants) were those found by some of us [32] [33] [34] [35] [36] [37] and others [38] to be optimal for the carboxylation reactions of alkanes in TFA catalyzed by various transition metal coordination compounds.
To the best of our knowledge, compounds 1-7 are the first scorpionate and related pyrazole vanadium complexes to be used as catalysts for the carboxylation of alkanes.
The complexes bearing the tris(1-pyrazolyl)meth- 7) are the most active ones towards methane carboxylation (yields up to ca. 40%), whereas the activity decreases on replacement of that scorpionate by the analogous neutral hydrotris(1-pyrazolyl)methane (4 and 6, respectively) ( Table 4 and  Table S1 , Supporting Information). The carboxylation of methane by our systems can proceed even without CO gas as the TFA solvent can behave as a carbonylating agent [32a,b, 33] (Table S1 , entry 2, Supporting Information). However, in this case the yield of acetic acid is much lower. The effect of the pressure of CO on the yield of the acetic acid product has been studied, showing an optimal value of 5 atm. Higher CO pressures lead to an acetic acid yield drop (Figure 4 , 
[a] Values in V AE 0.02 relative to SCE; scan rate of 200 mV s
À1
. [b] In CH 2 Cl 2 . [c] In DMSO.
Scheme 2. Table S1 , entries 5 and 6, Supporting Information), CO conceivably acting as a ligand with a resulting loss of the catalyst activity. The mechanism of carboxylation of methane possibly involves the formation of the methyl radical (upon hydrogen abstraction from CH 4 ) by the HSO 4 C radical (derived from thermolysis of S 2 O 8 2À in acid medium), followed by carbonylation. [33] The conversion of ethane into propionic (as a result of carboxylation) and acetic (as a result of oxidation) acids (reaction b, Scheme 2) proceeds under the above mentioned conditions, in the presence of 1-7 (Table 4 and Table S2 , Supporting Information). The maximum activity was observed for complex 3 (overall turnover number TON of 157, although under conditions that lead to a low yield), which, however, does not reach the high levels we have observed for Amavadin models. [34] We found that our V complexes show some selectivity in the ethane carboxylation: acetic acid is the main product when using 1, whereas for 7 propionic acid is produced in a higher amount than that of acetic acid (Table 4 and Table S2 , Supporting Information).
Hydroxylation/Oxygenation of Liquid Alkanes
All our vanadium complexes act as catalysts or catalyst precursors for the oxidation, with aqueous H 2 O 2 (30% aqueous solution), of cyclohexane and cyclopentane to the corresponding alcohols and ketones, in CH 3 CN and in the presence of HNO 3 , at room temperature, according to Scheme 2 (reactions c and d). The reactions were typically performed under dinitrogen and the final reactions solutions were analyzed by GC. 
[ (14) 9 (11) 21 (25) 3 [b] traces 157 (0. 8) [a] Selected results (for the full results see Supporting Information, Table S1 ); turnover numbers (TON, moles of product/ mol of catalyst) determined by GC; values of product yields (moles of product/100 moles of alkane) are given in brackets. Typical reaction conditions for carboxylation: pA C H T U N G T R E N N U N G (alkane) = 5 atm (1.02 and 1.53 mmol for CH 4 and C 2 H 6 , respectively), p(CO) = 5 atm, nA C H T U N G T R E N N U N G (catalyst) = 0.020 mmol, 80 8C, 20 h, K 2 S 2 O 8 (4.00 mmol), CF 3 COOH (7.5 mL for CH 4 and 5.5 mL for C 2 H 6 ). [b] Conditions for carboxylation of CH 4 Table S1 (Supporting Information).
Cyclohexane Oxidation
As for carboxylation reactions, the dioxovanadium complex [VO 2 A C H T U N G T R E N N U N G {SO 3 C(pz) 3 }] (2) displays the highest catalytic activity towards oxidation of cyclohexane, within this work, leading to a maximum TON of 117 (Table 5 ) upon 6 h reaction time, in the presence of HNO 3 . This TON is higher than those of some other vanadium catalysts with N,O-ligands, such as Amavadin (TONs of ca. 50), [39c] and of commercially available V oxides (TONs of 47).
[33a] However, the activity is slightly lower than those recently reported for the half-sandwich vanadium compounds 6 and 7 (TONs of 167 and 121, respectively).
[13b]
Effect of the Catalyst Amount
The effect of catalyst amount was studied for complexes 1-5. The obtained TON values are given in Table S3 (Supporting Information), with typical curves shown in Figure 5 . In all cases the catalyst amount has a relevant effect, since an increase of the nA C H T U N G T R E N N U N G (H 2 O 2 )/nA C H T U N G T R E N N U N G (catalyst) molar ratio results in the rise of the catalyst TON, e.g., the overall TON for complex 2 increases from ca. 10 to 117, upon changing that ratio from 100 to 40,000 (entries 6 and 10, Table S3 , Supporting Information). [c] 0 [c] 12 [c] 46 67 113 2 25 [b] 16 [b] 41 [b] 47 70 117 3 7 [c] 4 [c] 11 [c] 33 53 86 4 3 [c] 2 [c] 5 [c] 38 61 99 5 15 [c] 14 [c] 29 [c] 32 43 75 6 4 [c] 3 [c] 7 [c] 74 [d] 93 [d] 167 [d] 7 18 [b] 0 [b] 18 [b] 35 [d] 86 [d] 121 [d] [a] Selected results (for the full results see Supporting Information, Table S3 and Table S7 
. [d] Included for comparative purposes.
Effect of the Solvent Amount
The activity of the studied systems also depends on the solvent, which determines the polarity of the medium. [13] The choice of acetonitrile, as the typical solvent for our system, is due to its high resistance to oxidising agents and also in view of the higher solubility of the alkane and organic products in this solvent in contrast with other ones, e.g., methanol, ethanol or acetone. Besides, it has also been used in many other cases as the most appropriate solvent for such a type of alkane oxidations.
[33a, 36, 37, [39] [40] [41] The formation of the products is observed even in the absence of acetonitrile (Table S4 , entries, 1, 7, 13 and 18, Supporting Information), what could be of significance towards the establishment of an effective "green" process. The increase of the acetonitrile amount results in the rise of activity ( Figure 6 ). The maximum TON value was obtained for ca. 3.0 mL of acetonitrile, for catalysts 1-3 (with 1 mL of 30% aqueous H 2 O 2 ). Further increases of the CH 3 CN amount lead to lower TONs, most likely due to the dilution effect of reagents and/or intermediates.
Effect of the Amount of Nitric Acid
It has been shown that the presence of a small amount of nitric acid increases the TONs in catalytic oxidation systems containing vanadium, [39] iron, [40] copper [41a-f] or rhenium [33a, 37,41g] complexes with N,O ligands as the catalysts.
The effects of the addition of nitric acid in the systems catalyzed by complexes 1-5 are shown in Figure 7 and Table S5 (Supporting Information). A promoting effect of a slight amount of nitric acid up to nA C H T U N G T R E N N U N G (HNO 3 /nA C H T U N G T R E N N U N G (catalyst) of ca. 200 was observed for complexes 1, 2, 4 and 5. This fact can be related to a decreased decomposition of hydrogen peroxide to water and oxygen, [42] resulting in a faster formation of possible intermediate peroxo complexes. [43, 44] In contrast, for 3, a slight inhibiting effect is observed upon nitric acid addition.
However, interestingly, some of our catalytic systems operate even in the absence of acid (e.g., TONs of 39 for catalysts 3 and 5), which is of significance for the design of a "green process".
Effect of the Reaction Time, Radical Initiator and Radical Traps
The effect of the reaction time on the activity of the complexes 1, 2 and 4 was studied and an increase of TON with time up to 6 h ( Figure 8 ) was observed. A further increase of the reaction time results in a TON drop, most likely due to subsequent reactions.
For complex 2, the effect of the presence of 3-chlo-A C H T U N G T R E N N U N G roperoxybenzoic acid, 3-ClC 6 H 4 COOOH (a possible radical initiator) [45] was studied and is shown in Figure 9 . An accelerating effect is observed for the first 3 h, whereafter inhibition occurs. A similar behaviour was reported [37] for some of our Re scorpionate or pyrazole complexes, e.g.,
[ReClFA C H T U N G T R E N N U N G {N 2 C(O)Ph}-A C H T U N G T R E N N U N G (Hpz) 2 A C H T U N G T R E N N U N G (PPh 3 )] or [ReO 3 A C H T U N G T R E N N U N G {SO 3 C(pz) 3 }].
No alkane oxidation products were detected when the reaction was performed in the presence of either a carbon or an oxygen radical trap (CBrCl 3 or Ph 2 NH, respectively), thus supporting a radical mechanism for the peroxidative oxidation of the alkane.
Effect of the Addition of PPh 3
An increase in the amount of alcohol, ca. 10% for complex 4, with a concomitant decrease in the amount of ketone is observed (Table S3 , entry 21, Supporting Information) when the final reaction solution is treated with an excess of PPh 3 , prior to the GC analysis, according to a method reported by Shulpin. [46, 47] This shows that at the end of the reaction there is a significant amount of cyclohexyl hydroperoxide (CyOOH) which is reduced to the alcohol by PPh 3 . However, in the case of 2, no appreciable change in the relative amounts of products was observed upon addition of PPh 3 , indicating that either CyOOH had already decomposed (further reacted) in the presence of this catalyst or the reaction did not proceed via that hydroperoxide.
Regioselectivity
In order to gain a further mechanistic insight [46,47c,48] into the cycloalkane oxidation, we have also studied the oxidation of methylcyclohexane with hydrogen peroxide, catalysed by 2. The reaction was run for 6 h, and the sample was analysed by GC after treatment with PPh 3 (in order to reduce the alkyl hydroperoxides to the corresponding alcohols). The reaction products show the following 18:28:38 selectivity: 1:7:17.5, respectively. The molar ratios of the obtained alcohols were normalised taking into account the equivalent hydrogen atoms at each position. This limited selectivity is indicative of the involvement of the highly reactive hydroxyl (HOC) radical, as report-A C H T U N G T R E N N U N G ed [33a,39b,40b,41e,43,46,49,54] for other systems, e.g.,
]-PCA (PCA = pyrazine-2-carboxylic acid). [46,47c] Cyclopentane Oxidation
Effect of the Oxidant Amount
Complexes 1-7 also catalyse the peroxidative oxidation of cyclopentane to the corresponding cyclopentanone and cyclopentanol, but their catalytic activity (Table 5) is lower than that for the oxidation of cyclohexane (e.g., overall TONs of 41 and 117, respectively, for 2). In contrast, a higher selectivity is observed for the formation of the alcohol, i.e., cyclopentanol, which can be the only oxidation product detected in the presence of 1 or 7. The total TONs increase 
Mechanistic Considerations
The carboxylations of methane and ethane (RH) are expected to proceed via free radical mechanisms, [33, 34, 50] and theoretical calculations [33b,34] performed for other oxo-vanadium systems with TFA/ K 2 S 2 O 8 disclose a particularly favourable process involving the sequential formation of RC, RCOC and RCOOC which, upon H-abstraction (from TFA or RH), [33b,34] form the RCOOH acid. RC can be formed by H-atom abstraction from the alkane by the sulfate radical SO 4 À C (or its protonated HSO 4 C form) [33b,34,51a] derived from thermolytic decomposition of K 2 S 2 O 8.
[50,51b] Carbonylation of RC would form the acyl radical RCOC that upon oxygenation by a peroxo-metal complex would lead to RCOOC from which RCOOH would be formed (see above).
[33b] Alternatively, RCOC could be oxidized to RCO + which, on reaction with TFA, would lead to the mixed anhydride CF 3 COOCOR. Further reaction of the latter with TFA would yield the acid RCOOH and CF 3 COOCOCF 3 (trifluoroacetic anhydride), as proposed [33b,50] in other cases. The mechanisms of the peroxidative oxidations possibly involve both C-centred and O-centred radicals, since the reactions are essentially suppressed when they are carried out in the presence of either a C-or an O-centred radical trap (such as CBrCl 3 and Ph 2 NH).
[14b,33a, 34,37,41b] Peroxo-metal V-OOC and hydroxyl HOC radicals can be derived from oxo-metal-promoted decomposition reactions of H 2 O 2 , [7,33a,43,46,47] followed by H-abstraction from the alkane (RH) to form the alkyl radical RC (Scheme 3, reactions 1-4). The process could then proceed via formation of the organo-peroxyl radical ROOC (upon reaction of RC with O 2 ) and the organohydroperoxide ROOH [55] (reactions 5 and 6) which could undergo metal-assisted homolytic decomposition to the organooxyl ROC and organoperoxyl ROOC radicals, [56] the latter thus being regenerated (reactions 7 and 8). H-abstraction from the alkane by ROC would form the alcohol ROH and RC (reaction 9), whereas ROOC could either decompose to the alcohol and the ketone (reaction 10) or regenerate ROOH and RC upon H-abstraction from RH (reaction 11), as proposed [42, 47] for some metal-catalysed alkane oxidations with O 2 . The alcohol can also be formed from RC and a metal hydroperoxide (reaction 12),
[33b] the latter being derived, e.g., upon H-abstraction from RH by V(IV)-OOC.
The involvement of the highly reactive HOC radical is suggested by the restricted regioselectivity of the oxidation of methylcyclohexane, whereas the participation of the hydroperoxide ROOH is corroborated for the catalyst 4 by the increase of the alcohol amount with a concomitant decrease of that of the ketone when the final reaction solution, prior to GC analysis, is treated with an excess of PPh 3 (method reported by Shulpin. [46] ). For the metal catalyst 2, no ROOH was detected at the end of the experiments Figure 10 . Effect of the catalyst amount on the total (cyclopentanone and cyclopentanol) TON, in the peroxidative oxidation of cyclopentane catalysed by vanadium complexes: 
Conclusions
We have found a simple and convenient route for the formation of dioxovanadium complexes with scorpionate or pyrazole ligands based on the use of the easily generated in situ [VOA C H T U N G T R E N N U N G (OEt) 3 ] as the VO 2 + moiety source, thus contributing to expand the still relatively little explored coordination chemistry of HC(pz) 3 and SO 3 C(pz) 3 À types of scorpionate ligands. That route has allowed the synthesis of the first dioxovanadium complexes bearing tris(1-pyrazolyl)-methanesulfonate or borate, or pyrazole ligands. The work also shows that the oxovanadium centre can promote the rupture of a CA C H T U N G T R E N N U N G (sp 3 ) À N(pyrazolyl) bond in HC(3,5-Me 2 pz) 3 and of a B À N bond in HB(pz) 3 À to afford pyrazole and H 2 B(pz) 2 À complexes, what has be taken into account when studying coordination reactions of those scorpionates.
The vanadiumA C H T U N G T R E N N U N G (V and IV) complexes are redox active, what allows us to gain an insight into the relative electron-donor abilities of the scorpionate and pyrazole ligands, based on the redox potential values, although a firm comparison is precluded by the irreversibility of the redox waves.
The work also shows that oxovanadium complexes with scorpionate ligands, such as those reported herein, can act as catalysts or catalyst precursors for alkane functionalisation reactions under mild conditions, including their one-pot carboxylation and peroxidative hydroxylation or oxygenation. Complex [VO 2 A C H T U N G T R E N N U N G {SO 3 C(pz) 3 }] (2) exhibits the highest catalytic activity for the carboxylation of methane to acetic acid and for the cycloalkane oxidations, whereas, for ethane carboxylation, the most active catalyst is [VO 2 {HB(3,5-Me 2 pz) 3 }] (3). The dioxo-scorpionate-V(V) complexes 1-4 are usually more active than the monooxo-discorpionate-V(IV) 5 and than the trichloro-V(IV) compounds 6 and 7. However, for the oxidation of cyclohexane, their activities are comparable or lower than those of the latter compounds. Nervertheless, the generality of these observations should be taken cautiously and tested further for other types of alkane reactions and vanadium catalysts. The search for greener systems should proceed, and the favourable features of the oxo-scorpionato-vanadium catalysts reported here (including their operation under mild conditions and, in some cases, even in acid-free systems) should encourage further investigation within this challenging field of research.
Experimental Section Materials and Instrumentation
Pyrazole, 3,5-dimethylpyrazole and V 2 O 5 were used as received from the supplier (Aldrich). Triethyl vanadate, [VOA C H T U N G T R E N N U N G (OEt) 3 ] was synthesized in situ via a known [15a] procedure immediately before use, and employed as a solution in ethanol (1.00 mmol of [VOA C H T U N G T R E N N U N G (OEt) 3 ] corresponds to ca. 20 mL of ethanol solution) without further isolation. Potassium hydrotris(l-pyrazolyl)borate, [57] potassium hydrotris(3,5-dimethyl-1-pyrazolyl)borate, [57] hydrotris(l-pyrazolyl)methane, [10] hydrotris(3,5-dimethyl-1-pyrazolyl)methane [10] and lithium tris(l-pyrazolyl)methanesulfonate [12a] were prepared in accord with the published procedures. Complexes [VCl 3 {HC(pz) 3 }]
[13b] (6) and
[13b] (7) were prepared from VCl 3 , also according to procedures described earlier.
Solvents were purified by standard procedures and freshly distilled immediately prior to use. All manipulations and reactions were performed under an atmosphere of dinitrogen using standard vacuum and inert-gas flow techniques. Cyclohexane (Merck), methylcyclohexane (Merck), cyclopentane (Merck), acetonitrile (Riedel-de-Han), hydrogen peroxide (30%) (Fluka), nitric acid (65%) (Riedel-de-Han), 3-chlo-A C H T U N G T R E N N U N G roperoxybenzoic acid (Aldrich), triphenylphosphine (Merck), potassium and ammonium peroxodisulfates (Fluka), trifluoroacetic acid (Aldrich), bromotrichloromethane (Fluka), diphenylamine (Fluka), n-butyric acid (Aldrich), cycloheptanone (Aldrich), cyclopentanone (Aldrich), diethyl ether (Riedel-de-Han), ethane (AlphaGaz), carbon monoxide (Air Products), dioxygen (Air Liquid Portugal) and dinitrogen (Air Liquid Portugal) were used as purchased.
Infrared spectra (4000-400 cm Àl ) were recorded on a Nicolet Impact 400D or a BIO-RAD FTS 3000 MX spectrophotometer instrument in KBr pellets; wavenumbers are in cm À1 ; abbreviations: vs, very strong; s, strong; m, medium. 1 mm) . Controlled-potential electrolyses (CPE) were carried out in electrolyte solutions with the above-mentioned composition, in a three-electrode H-type cell. The compartments were separated by a sintered glass frit and equipped with platinum gauze working and counter electrodes. For both CV and CPE experiments, a Luggin capil1ary connected to a silver wire pseudo-reference electrode was used to control the working electrode potential. The CPE experiments were monitored regularly by cyclic voltammetry, thus assuring that no significant potential drift occurred along the electrolyses. Ferrocene was used as an internal standard for the measurement of the oxidation potentials of the complexes; the redox potential values are quoted relative to the SCE by using as internal reference [58] the ferrocene/ferricinium couple (E 1/2 ox = 0.525 V vs. SCE in CH 2 Cl 2 or 0.44 V vs. SCE in DMSO).
Gas chromatographic (GC) measurements were carried out using a Fisons Instruments GC 8000 series gas chromatograph with an FID detector and a capillary column (DB-WAX, column length: 30 m; internal diameter: 0.32 mm) and the Jasco-Borwin v.1.50 software. The temperature of injection was 240 8C. Helium was used as the carrier gas.
X-Ray Structure Determinations
Intensity data were collected on a Bruker AXS-KAPPA APEX II diffractometer using graphite monochromated Mo-Ka radiation. Data were collected at 150 K using omega scans of 0.58 per frame and a full sphere of data was obtained. Cell parameters were retrieved using Bruker SMART software and refined using Bruker SAINT on all the observed reflections. Absorption corrections were applied using SADABS. The structure was solved by direct methods by using the SHELXS-97 package [59] and refined with SHELXL-97 [60] with the WinGX graphical user interface. [61] All hydrogens were inserted in calculated positions. Least square refinement with anisotropic thermal motion parameters for all the non-hydrogen atoms and isotropic for the remaining atoms gave R 1 = 0. 0578 [I > 2s(I); R 1 = 0. 1058 (all data)]. The maximum and minimum peaks in the final difference electron density map are of 0.32 and À0.43 e
À3
. CCDC 697173 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. [45] was used in a stoichiometric amount relative to the substrate. For studying the selectivity with methylcyclohexane, the reaction was run for 6 h, whereafter 90 mL of cyclopentanone (internal standard) and 6.5 mL of diethyl ether (to extract the substrate and the organic products from the reaction mixture) were added, and the sample was then analysed by GC.
Synthesis and Characterization of the Complexes
